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The influence of the stereospecific assignments of,8-methylene proto s and the classification of XI torsion angles on the 
definition of the three-dimensional structures of proteins determined from NMR data is investigated using thesea anemone 
protein BDS-I (43 residues) as a model system. Two sets of structures are computed. The first set comprises 42 converged 
structures (denoted STEREO structures) calculated on the basis of the complete list of restraints derived from the NMR 
data, consisting of 489 interproton and 24 hydrogen bonding distance restraints, supplemented by 23 ¢ backbone and 
21 X1 side chain torsion a gle restraints. The second set comprises 31 converged structures (denoted NOSTEREO struc- 
tures) calculated from a reduced ata set in which those restraints arising from stereospecific assignments, a d the cor- 
responding Xxtorsion angle restraints, are explicitly omitted. The results show that the inclusion of the stereospecific 
restraints leads to a significant improvement in the definition of the structure of BDS-I, both with respect to the backbone 
and the detailed arrangement of the side chains. Average atomic rms differences between th  individual structures and 
the mean structures for the backbone atoms are 0.67 ± 0.12 A and 0.93 + 0.16 A for the STEREO and NOSTEREO struc- 
tures, respectively; the corresponding values for all atoms are 0.90__.0.17 A and 1.17±0.17 A, respectively. In addition, 
while the overall fold remains unchanged, there is a small but significant atomic displacement between th  two sets of 
structures. 
Protein structure; NMR; Stereospecific assignment; NOE; Interproton distance; Simulated annealing 
1. INTRODUCTION 
A detai led knowledge of  the three-dimensional  
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Abbreviations: NMR, nuclear magnetic resonance; NOE, 
nuclear Overhauser effect; NOESY, two-dimensional nuclear 
Overhauser ffect spectroscopy; E-COSY, exclusive two-dimen- 
sional correlated spectroscopy; HOHAHA, two-dimensional 
homonuclear Hartmann-Hahn spectroscopy; rms, root mean 
square; SA, simulated annealing; dxr(id), NOE or distance be- 
tween proton X on residue i and proton Y of residue j 
structures of  biological  macromolecules is an 
essential prerequisite for a complete understanding 
o f  their funct ion and o f  structure-funct ion rela- 
t ionships.  The use o f  1H-NMR spectroscopy and in 
part icu lar  nuclear Overhauser effect (NOE) ex- 
per iments is now recognized as a useful method for 
determining low resolut ion structures o f  small (Mr 
< 10000) proteins in solut ion [1-3].  For  the ma- 
jo r i ty  o f  NMR-der ived protein structures to date, 
it is general ly the case that the backbone fold is 
relat ively well def ined, with backbone atomic rms 
distr ibut ions about  the mean coordinate posit ions 
o f  1 -2  ,A,, whilst the def init ion o f  the side chains is 
s ignif icantly poorer .  To obta in  a deeper under-  
standing o f  the funct ion o f  these molecules it is 
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necessary to look in more detail at the structural 
characteristics of the side chains. 
In two recent papers we presented the deter- 
mination of the solution structure of the 43 residue 
anti-hypertensive and anti-viral protein BDS-I 
from the sea anemone Anemonia sulcata, using 
NMR spectroscopy and hybrid metric matrix 
distance geometry-dynamicai simulated annealing 
calculations [4,5]. The restraints used for the 
calculations were derived in part from NOEs in- 
volving stereospecifically assigned B-methylene 
groups in conjunction with approximate ranges for 
some x~ side chain torsion angles. In this paper we 
compare these previously reported structures with 
new ones calculated from a shorter list of restraints 
that makes use of center averaging for the B- 
methylene groups with suitably modified NOE 
restraints, and omits the Xl torsion angle restraints. 
We show that the inclusion of the additional 
restraints relating to stereospecific assignments of
B-methylene protons leads to a significant im- 
provement in the definition of the structure, not 
only for the side chains but also for the backbone. 
Indeed, in the absence of the additional 
stereospecific restraints, it is considerably more 
difficult to draw conclusions concerning the in- 
teractions of functional groups within the protein. 
Further, the inclusion of the stereospecific 
restraints leads to a small but significant shift in
the overall structure. 
2. EXPERIMENTAL 
2.1. Sample preparation 
The isolation of BDS-I from the sea anemone Anemonia 
sulcata and the preparation of samples for NMR spectroscopy 
were as described in [4]. 
2.2. NMR spectroscopy 
All NMR spectra were recorded with a Bruker AM series 
600 MHz spectrometer. Accurate measurements of 3j, a spin- 
spin coupling constants were obtained from E-COSY ex- 
periments at 27 and 40°C, utilising a 64 step phase-cycling 
scheme [6]. Digital resolution i  the transformed spectrum was 
0.78 Hz/point in F2 and 3.13 Hz/point in F~. Intraresidue HOE 
measurements were taken from 50 ms NOESY spectra recorded 
in HzO and D20. There is no experimental scheme thatcom- 
pletely eliminates the effects of zero quantum coherence for all 
spin systems in the spectrum. Therefore these NOE experiments 
were recorded under three different sets of conditions: without 
any variation of the mixing time, with a 5°70 random variation 
of the mixing time between t~ increments, and with a three step 
systematic variation of the mixing time similar to the method 
proposed in [7]. In this way it was possible to account for the 
effects of zero quantum coherence for many of the amino acid 
residues. 
2.3. Structure calculations 
Structure calculations were carried out using the hybrid 
metric matrix distance geometry-dynamicai simulated annealing 
approach [8]. The distance geometry part of the calculation was 
carried out using the program DISGEO [9], while dynamical 
simulated annealing was carried out with the program XPLOR 
[10-12], which is derived originally from the program 
CHARMM [13]. The calculations were performed on 
MicroVAX II, VAX 8550, VAX 8530 and CONVEX CI-XP 
computers. 
3. RESULTS AND DISCUSSION 
3.1. Stereospecific assignments 
Stereospecific assignments of prochiral B- 
methylene protons were based on 3j~ spin-spin 
coupling constants and intraresidue d~(i,0 and 
d~(i,t~ NOEs. These NMR parameters have a 
characteristic pattern for each of the three 
energetically preferred staggered rotamer positions 
(Xl = 60 °, 180 ° or -60 °) [14]. A survey of high 
resolution protein crystal structures indicates that 
95°70 of all side chains lie within _+ 15 ° of the 
preferred rotamer positions [15]. Consequently, it 
should be possible to obtain stereospecific 
assignments for a large number of the B- 
methylenes. Limitations in the assignment arise 
from chemical shift degeneracy of the C~I 
resonances, and intrinsic mobility of the side 
chain. The latter will manifest i self by NMR data 
that are inconsistent with a single preferred 
rotamer conformation [16]. For BDS-I the former 
problem was minimized by the presence of two 
isoforms of the protein i  the same sample. The 
substitution of a Phe residue for a Leu at position 
18 in the sequence r sulted in a number of resolved 
spin systems with different chemical shifts for each 
form of the protein. This allowed the analysis of 
many spin systems which possessed overlapping 
C~I-I resonances in one form of the protein or the 
other. In all respects the structure of the two forms 
of the protein was found to be the same within the 
error limits of the NOE and coupling constant data 
[4,5]. Indeed, residue 18 is found to be in a com- 
pletely solvent exposed position where it has little 
influence on the packing of the main chain or other 
side chains [5]. For residues which exhibited 3J~B 
coupling constants in the range 5.0-9.0 Hz or 
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NOEs  incons is tent  w i th  a pre fer red  ro tamer  con-  
fo rmat ion  no  s tereospec i f i c  ass ignment  was made.  
Th is  occur red  fo r  th ree  res idues  wh ich  were found 
in  the  f ina l  s t ruc tures  to  have  the i r  s ide cha ins  ex- 
posed  to  the  so lvent  where  mot iona l  averag ing  can  
be  env isaged,  namely ,  I le-17, Phe-18 ,  and  Arg -19  
[5]. For  p ro l ine  res idues ,  s tereospec i f i c  ass ign-  
ments  o f  the  Ca l l  p ro tons  were  based  on ly  on  the  
re lat ive  magn i tude  o f  the  two d~,a(i,O NOEs  (i.e. a 
s t rong  d,~(i, 0 NOE ar ises f rom the  c lose prox imi ty  
o f  the  CaT/and  Ca3H protons  in pro l ine  w i th  X~ 
c lose to  0 ° [17]). 
The  43 amino  ac id  prote in  BDS- I  has  f ive pro -  
l ines and  25 non-pro l ine  res idues  w i th  proch i ra l  g?- 
methy lene  groups  a well  as two  threon ine  and  two 
i so leuc ine  res idues  (each  w i th  a ~-meth ine  proton)  
fo r  wh ich  X~ tors ion  ang le  res t ra in ts  can  in pr inc i -  
p le be  obta ined  f rom the  ana lys is  o f  in t ra res idue  
NMR data .  The  cr i ter ia  fo r  obta in ing  the  
s tereospec i f i c  ass ignment  o f  ~ ' -methy lene  groups  
on  the  bas is  o f  a semi -quant i ta t ive  ana lys is  o f  in- 
t ra res idue  NOEs  and  coup l ing  constants  has  been 
descr ibed  in [ !4,18] .  Exper imenta l ly  we were ab le  
to  determine  s tereospec i f i c  ass ignments  for  the  fl- 
methy lene  groups  o f  17 o f  the  25 non-pro l ine  
res idues  and  two o f  the  pro l ines  in  BDS- I .  Note  
that  the  complete  s t o f  NOEs  and  coup l ing  con-  
s tants  is not  necessar i ly  requ i red  to  make the  
s tereospec i f i c  ass ignment  or  indeed the  c lass i f ica-  
t ion  o f  the  x~ tors ion  angle .  For  example  the  x1 = 
Table 1 
lntraresidue coupling constant and NOEs pertinent o the stereospecific assignment and 
classification of Xl torsion angles for/Y-methylene and ~-methine containing residues in BDS-1 
/5'-Methylene groups 
Residue Coupling constants" NOEs b X~ 
classification 
Pro-3 
Cys-4 
Phe-5 
Cys-6 
Set-7 
Lys-9 
Pro-10 
Arg-12 
Asp-14 
Leu-15 
Trp-16 
Leu-18 
Phe-18 
Arg-19 
Cys-22 
Pro-23 
Tyr-26 
Tyr-28 
Ser-30 
Asn-31 
Cys-32 
Tyr-33 
Lys-34 
Trp-35 
Pro-36 
Asn-37 
Cys-39 
Cys-40 
Tyr-41 
Pro-42 
His-43 
3Jt~2 3ja~3 dt~2(i~l) d,~a3(i,O dsa2(i,i) dNa3(i,O 
not stereo assigned ZQC c 
< 5.0 d < 5.0 d strong strong absent medium 60 ° _+ 60 ° 
11.5 2.7 weak medium medium absent - 60 ° + 60 ° 
11.3 3.3 weak medium strong medium - 60 ° + 60 ° 
degenerate CaI-I chemical shifts 
11.8 3.8 weak strong medium weak - 60 ° ± 60 ° 
e e medium strong - - - 
overlap in spectrum 
11.6 1.7 weak strong strong absent - 60 ° ± 60 ° 
3.0 > 10.0 strong weak strong strong 180 ° ± 60 ° 
degenerate Call chemical shifts 
degenerate CaI-I chemical shifts 
5.5 and 9.5 not stereo assigned (J values inconsistent with preferred rotamer) 
6.3 and 6.8 not stereo assigned (J values inconsistent with preferred rotamer) 
< 5.0 d > 10.0 d ZQC c strong strong 180 ° + 60 °f 
degenerate Call chemical shifts 
12.1 2.7 weak strong strong weak - 60 ° ± 60 ° 
12.5 3.4 weak strong strong weak -60  ° ± 60 ° 
< 5.0 a < 5.0 d strong strong absent weak 60 ° + 60 ° 
3.6 4.2 strong strong absent weak 60 ° _+ 60 ° 
3.0 3.0 strong strong absent medium 60 ° + 60 ° 
degenerate Call chemical shifts 
overlap in spectrum 
6.3 10.4 medium absent strong strong 180 ° ± 60 ° 
not stereo assigned ZQC c 
12.5 4.8 ZQC c medium absent -60  ° ± 60 ° 
11.0 3.4 absent medium medium absent - 60 ° _+ 60 ° 
11.4 2.6 weak strong medium absent - 60 ° ± 60 ° 
> 10.0 a < 5.0 a weak strong strong weak - 60 ° :1:60 °
e e weak medium - - - 
6.3 11.3 medium weak strong strong 180 ° _+ 60 ° 
(continued overleaf) 
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Table 1 (continued) 
ff-Methine groups  
Residue Coupling constant a NOEs h Xl 
3J~ B classification 
d~(i, 0 d~(i, 0 
lle-17 7.0 (J inconsistent with preferred rotamer) 
Thr-21 3.7 overlap strong 120 ° + 120 °h 
Thr-29 3.2 strong absent 60 ° + 60 ° 
11e-39 3.8 strong overlap 120 ° ± 120 °h 
a Coupling constants were measured from E-COSY spectra recorded in DzO at 27°C and 40°C 
with presaturation of the residual HOD solvent resonance. The final digital resolution in F2 
after zero-filling was 0.78 Hz/point 
b NOEs were taken from one of three 50 ms NOESY experiments as described in section 2 
¢ The evaluation of the relative magnitude of the d~,a(i,t) NOEs was obscured by zero quantum 
coherence ffects in all of the NOESY experiments 
a Coupling constants not accurately measurable because of slight non-degenerate overlap of 
cross-peaks for the same residue for each form of the protein. Coupling constants are estimated 
on the basis of characteristic cross-peak profiles observed for three spin systems in a 55 ms 
WALTZ-17 HOHAHA experiment [4] 
• Stereospecific assignments of proline Call resonances made on the basis of the relative 
magnitude of  the d~(i,O NOEs alone [17] 
f For residue Cys-22 classification of the Xl torsion angle was possible without obtaining 
stereospecific assignments of the C~I  protons 
g For threonine and isoleucine, the ~'-methine proton has the equivalent position as the C~H 
proton in g-methylene containing residues 
h For Thr-21 and I1e-39 the data are only sufficient o rule out the rotamer in which the B-methine 
proton is trans to the C~rI proton 
Table 2 
Structural statistics a 
_ _  m 
( SA ) SA (SA)r 
Rms deviations from experimental restraints (A) b 
STEREO structures (42) with STEREO restraints 
All (513) 0.085 + 0.002 0.059 0.079 
Interresidue short range ( li - j [ -< 5) (150) 0.083 ± 0.005 0.053 0.086 
Interresidue long range ( l i - j l  > 5) (105) 0.111 ± 0.007 0.082 0.100 
Intraresidue (234) 0.074 ± 0.006 0.053 0.065 
Hbond (24) c 0.051 ± 0.011 0.038 0.043 
NOSTEREO structures (31) with NOSTEREO restraints 
All (433) 0.062 + 0.004 0.026 0.065 
Interresidue short range ( l i -  j l -< 5) (132) 0.056 ± 0.007 0.005 0.063 
lnterresidue long range ( l i - j l  > 5) (87) 0.094 ± 0.009 0.055 0.104 
Intraresidue (190) 0.045 + 0.007 0.010 0.039 
Hbond (24) c 0.041 ± 0.014 0.021 0.056 
STEREO structures with NOSTEREO restraints 
All (433) 0.065 ± 0.002 0.044 0.064 
Interresidue short range ( l i - f l  -< 5) (132) 0.065 ± 0.007 0.043 0.071 
Interresidue long range (I i - j[ > 5) (87) 0.095 ± 0.011 0.071 0.094 
Intraresidue (190) 0.043 ± 0.005 0.025 0.041 
NOSTEREO structures with STEREO restraints a 
All (513) 0.288 ± 0.029 [34 ± 5] 0.188 [19] 0.267 [13] 
Interresidue short range ( l i - j t  <- 5) (150) 0.326 ± 0.052 [13 ± 3] 0.207 [9] 0.271 [10] 
lnterresidue long range (]i ~ j l  > 5) (105) 0.445 + 0.059 [13 ± 3] 0.313 [9] 0.434 [13] 
Intraresidue (234) 0.158 ± 0.016 [8 ± 2] 0.080 [1] 0.157 [8] 
(continued overleaf) 
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Table 2 (continued) 
January 1989 
(SA > SA (SA)r 
STEREO structures 
FNO~ (kcal- mol- ~)e 187 + 11 92 160 
Ftor (kcal'mol-1) f 26 + 6 13 24 
Frepel (kcal'mol-l) g 91 + 7 2417 72 
Et-j (kcal'mol-l) b - 103 + 11 > 106 - 117 
Deviations from idealized geometry i 
Bonds (A) (646) 0.014 ± 0.006 0.329 0.013 
Angles (°) (1157) 2.910 + 0.363 28.373 2.517 
Impropers (o) (242) 0.830 + 0.06 2.629 0.797 
NOSTEREO structures 
FNOE (kcal'm01-~)  79 ± 8 15 92 
Ftor (kcal'mol-l) f 5.5 + 3.5 0.6 13 
Frepel (kca l 'mol - l )  s 46 ± 6 2906 41 
EL-j (kcal.mol-l) h -- 107 ± 12 > 106 -- 102 
Deviations from idealized geometry i 
Bonds (,~) (646) 0.012 ± 0.004 0.367 0.012 
Angles (°) (I 157) 3.064 ± 0.504 28.429 2.549 
Impropers (°) (242) 0.711 ± 0.071 0.725 0.738 
a The notation of the structures is as follows: (SA) are the 42 STEREO or 31 NOSTEREO 
dynamical simulated annealing structures; SA is the mean structure obtained by averaging the coordinates 
of the individual SA structures of each set best fitted to each other; (SA)r is the structure obtained 
by restrained minimization of SA 
b The rms deviations from the experimental restraints are calculated with respect to the upper and lower 
limits of the distance restraints [19]. None of the structures exhibited violations greater than 0.5/~. The 
number of distances in each category is given in parentheses next to the category name 
c For each backbone hydrogen bond there are two restraints: rNn-O < 2.3 ./~ and rs -o< 3.3 .~. The lower 
limits are given by the sum of the van der Waals radii of the relevant atoms. 12 backbone hydrogen bo ds 
within regular elements of secondary structure were identified on the basis of the NOE and NH exchange 
data [5] 
d Numbers in square parentheses are the numbers of interproton distance violations of the NOSTEREO 
structures against he STEREO distance restraints that are greater than 0.5 ,/~ 
e The total target function, representing the effective potential energy of the system, is made up of covalent, 
van der Waals, torsion angle and NOE terms: Ftot = Fcova,ent + Ftepel + Ftor + FNOE. See ref. [8] for a full 
description. The values of the square-well NOE potential FNOE are calculated with a force constant of
50 kcal. mol -~. A -2. Ftor comprises ¢~ and Xl torsion angle restraints derived from the NMR data 
f The values of Ftor are calculated with a force constant of 200 kcal.mol -~ .rad -2. Ftor is a square-well 
dihedral potential which is used to restrict he ranges of 23 ¢i and 22 X~ torsion angles and the w peptide 
bond torsion angles of the five proline residues (Pro 36 and 42 being restrained to the cis conformation 
and the others to the trans) 
The values of the van der Waals repulsion term F~pe~ are calculated with a force constant of 
4 kcal.mo1-1 .A -4 with the hard sphere van der Waals radii set to 0.8 times the standard values used in 
the CHARMM empirical energy function [13] 
h EL - J  is the Lennard-Jones van der Waals energy calculated using the CHARMM empirical energy function 
[13]. This is not used in the structure calculation but only as a check on the quality of the structures 
The number of bond, angle and improper terms is given in parentheses. The improper terms serve to 
maintain planarity and appropriate chirality; they also maintain the peptide bond of all residues (with the 
exception of prolines) in the trans conformation. In the dynamical simulated annealing calculations, the 
restraints for the disulfide bridges are implicitly included in the bond and angle terms 
60 ° ro tamer  is un ique ly  de f ined  by two  s t rong  
d~( i ,O NOEs  or  two  3J,~ a coup l ing  constants  
smal le r  than  5.0 Hz .  One  3J~ a coup l ing  constant  
g reater  than  10.0 Hz  automat ica l ly  impl ies  that  the 
remain ing  one is smal ler  than  7 .0Hz ,  and  
e l iminates  the poss ib i l i ty  o f  the ~'1 = 60° ro tamer  
pos i t ion .  Some ass is tance in the es t imat ion  o f  the  
re lat ive sizes o f  3J,~ a coup l ing  constants  was ob-  
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tained from qualitative correlations of the C%I- 
Call  cross peak patterns observed in the D20 
HOHAHA and E-COSY spectra [4]; further, a 
small active 3J, w coupling constant gives rise to an 
intrinsically weak E-COSY cross peak due to 
overlap of antiphase cross peak multiplet com- 
ponents. In the case of fl-type secondary structure, 
it is also possible to distinguish the xl = - 60 ° and 
180 ° rotamer positions on the basis of sequential 
daN(i,i+ 1) NOEs [18]. For the present study of 
BDS-I the latter was not used since it requires the 
assumption or some prior knowledge of the local 
secondary structure based on either a qualitative 
analysis of the pattern of sequential backbone 
NOEs and ~JNr~ coupling constants or preliminary 
structure calculations. Table 1 documents all the 
relevant NMR parameters that were used for the 
identification of stereospecific assignments and 
classification of the X~ torsion angle ranges for 
both the H-methylene and ~-methine containing 
residues of BDS-I. When a preferred rotamer posi- 
tion of a side chain was identified the torsion angle 
restraint used in the calculation of the structures 
was described by a square well effective potential 
function [19] with width +_ 60 ° about the rotamer 
positions, i.e. xl = 60 + 60 °, 180 + 60 ° and -60  + 
60 °. This represents a conservative restraint 
designed to ensure that each Xl torsion angle in the 
calculated structures remains in a range consistent 
with the experimentally determined rotamer 
position. 
3.2. Structure calculations 
Two sets of structures of BDS-I were calculated 
using different sets of input NOE and torsion angle 
restraints. In all cases where stereospecific 
assignments of/Y-methylene groups were not in- 
cluded in the description of NOE restraints, the 
upper limits of the input interproton distance 
restraints were corrected for center averaging as 
described in [20]. This amounts effectively to the 
addition of 1.0 A to the upper distance bound for 
each CBH2 group involved. Center averaging of 
other groups (aromatic C~rI and Cq-I protons, 
glycine C"I-I2 protons, leucine C~I-I3 groups, etc.) 
was also carried out with appropriate distance cor- 
rections [20]. The calculation of a set of STEREO 
structures derived from the full set of 489 inter- 
proton distance, 24 hydrogen bonding, and 23 ¢~ 
backbone and 21 X: side chain torsion angle 
restraints is described fully in [5]. A total of  42 
STEREO structures with no NOE violations 
greater than 0.5 A was obtained. In the same man- 
ner a second set of 31 NOSTEREO structures was 
calculated using a reduced list of restraints in 
which all restraints involving distinction of 
stereospecifically assigned ~'-methylene groups 
were replaced with restraints based on center 
averaging, and Xl torsion angle restraints were 
removed. This reduced restraints list comprised 
409 interproton distance restraints along with the 
same 24 hydrogen bonding and 23 ¢~ backbone 
dihedral angle restraints used previously. Again 
none of these 31 structures contained NOE viola- 
tions greater than 0.5 A. For each set of converged 
structures (SA) ,  the individual SA structures were 
best fitted to each other and averaged to yield a 
mean structure, denoted as EA. T~e t~eav ~rovOD_ 
tures exhibit poor stereochemistry and non-bonded 
contacts, which was improved by 1000 cycles of 
restrained minimization to give structures denoted 
as (SA)r. These restrained minimized average 
structures are closer to the respective mean struc- 
ture than any of the individual SA structures, while 
satisfying the experimental restraints as well as any 
of the individual structures. 
The structural statistics for the two sets of struc- 
tures, as well as for the respective mean and 
restrained minimized average structures, are listed 
in table 2. The individual structures and the two 
(SA)r structures exhibit very small deviations from 
idealized covalent geometry and have good non- 
bonded contacts, evidenced by small values of the 
van der Waals repulsion potential Frepel and a 
negative Lennard-Jones van der Waals energy. 
The rms deviations from the experimental data 
are slightly higher for the STEREO structures ver- 
sus the STEREO restraints than for the 
NOSTEREO structures versus the NOSTEREO 
restraints (see table 2). This simply reflects the fact 
that as one tightens the restraints and increases 
their number, it becomes more difficult to generate 
structures that satisfy the tighter restraints as well 
as the looser ones. Given the potential errors in the 
estimation of distances from NOEs in protein spec- 
tra, the interproton distance rms deviations for 
both sets of structures can be regarded as small, 
and the difference between them is not significant. 
The high computational efficiency of the hybrid 
distance geometry-dynamical simulated annealing 
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approach ( -1 h per structure on a VAX 8550) per- 
mits the calculation of a relatively large number of 
structures for each set of restraints in a reasonably 
short time. As a result we are able to draw 
statistically meaningful conclusions about the dif- 
ferences in the structures obtained with and 
without stereospecific assignments. 
3.3. Comparison of the STEREO and 
NOSTEREO structures 
Fig.l illustrates the superposition of the in- 
dividual STEREO and NOSTEREO <SA) struc- 
tures. The overall fold of the protein is clearly 
similar for the two sets of structures. Fig.2 shows 
both a histogram representing the distribution of 
r 
G 
C 
Fig. 1. (A) Best fit superposition f the backbone atoms of (A) the 42 SA structures ofBDS-I calculated from the STEREO restraint 
list, and (B) the 31 SA structures calculated from the NOSTEREO restraint list. 
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Fig.2. (A) Histogram illustrating the distribution of the additional NOEs derived from the stereospecific assignment of  B-methylene 
groups. Each bar epresents he difference in the number of  NOE restraints between the STEREO and NOSTEREO restraint lists for 
each residue. The black portion of the bar indicates the number of  additional NOEs involving the stereospecifically assigned B- 
methylene protons of that residue. The white portion of the bar indicates the number of additional NOEs from the rest of the amino 
acid to B-methylene protons of  other residues. (B) The atomic rms difference between the backbone atoms of the mean structures 
calculated from the STEREO (SAst) and NOSTEREO (SAnst) restraint lists. (C-E)  Atomic rms differences between the individual 
structures and the respective mean structures for the STEREO (open circles and dashed lines) and NOSTEREO (closed circles and 
solid lines) structures for backbone atoms, all atoms and side chain atoms, respectively. 
additional NOEs included in the list of restraints 
for the STEREO structures relative to the 
NOSTEREO structures, and the statistical atomic 
rms difference data relating to the two sets of 
structures. In fig.2A the black bars give the 
number of additional NOEs involving each 
residue's own #'-methylene group (i.e. for residues 
whose C~I2 protons were stereospecificaily as- 
signed), whereas the open bars indicate he number 
of additional NOEs arising from short distances 
between other parts of the amino acid and the 
stereospecifically assigned #'-methylenes of other 
residues. The majority of the additional NOEs cor- 
espond to interresidue rather than intraresidue 
distances. The inclusion of stereospecifically 
assigned NOE restraints in the calculations results 
in a significant improvement in the overall defini- 
tion of the backbone structure (i.e. the atomic rms 
distribution about he mean coordinate positions is 
reduced). It is important to note that the structure 
is actually slightly altered by the inclusion of addi- 
tional restraints, in so far that the atomic rms dif- 
ference between the two mean structures i larger 
than the atomic rms difference between the in- 
dividual structures and their respective mean struc- 
ture (see table 3). The change in structure reflects 
the fact that by removing the center averaging ap- 
proximation for several of the #'-methylene groups, 
the target function that is minimized in the 
simulated annealing calculations i altered. A shift 
in the protein fold is evident from fig.2B which 
shows the atomic rms difference between 
backbone atom positions of the best-fitted 
STEREO and NOSTEREO mean structures as a 
function of residue number. 
The NOSTEREO structures do not satisfy the 
STEREO restraints at all well, as shown by the 
large interproton distance rms deviations and the 
large numbers of NOE violations in the 
'NOSTEREO structures versus STEREO re- 
straints' section of table 2. Indeed with regard to 
the restraints involving the side chain orientations, 
the mean Xl torsion angles of ten of the side chains 
in the NOSTEREO structures lie outside the ranges 
determined experimentally and used as restraints 
for the STEREO structures. 
The atomic rms differences between the in- 
dividual structures and the respective mean struc- 
ture as a function of residue number is shown in 
fig.2C-E. This shows that the improvement in the 
definition of the structure is almost uniformly 
distributed along the protein chain. The most 
sizeable differences occur for the stretch of 
residues 25-30 which forms part of the long ir- 
regular loop that runs from residues 18-30, the 
Table 3 
Atomic rms differences a 
Atomic rms difference (A) 
Backbone All 
atoms atoms 
STEREO structures 
(SA)  vs ~b 0.67 _+ 0.12 0.90 _+ 0.17 
(SA) vs (SA) b 0.96 _+ 0.19 1.29 + 0.23 
(SA)__ vs (S_A)r 0.73 _ 0.13 1.00 +_ 0.18 
(SA)r vs SA 0.21 0.45 
NOSTEREO structures 
(SA)  vs ~b 0.93 + 0.16 1.17 +_ 0.17 
(SA) vs (SA) b 1.33 :t: 0.26 1.65 + 0.31 
(SA)  vs (SA)r 1.02 + 0.17 1.29 + 0.20 
(SA)r vs SA 0.42 0.54 
STEREO vs NOSTEREO structures 
(SA)sTEREO VS 
(SA)NoSTEREO 1.50 + 0.19 1.85 :t: 0.30 
SAsTEREO VS 
SANosTEREO 0.93 1.21 
a The notation of the structures i the same as that in table 2 
b Note that using standard statistical theory it is easily shown 
that the average atomic rms difference between all pairs of SA 
structures is related to the average atomic rms difference 
between the individual SA structures and the mean SA 
structure by a factor of - [2n / (n  - 1)] 1/2 
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backbone at residue 20, the side chains of residues 
9, 14, 15, 16, 34 and 37, and the C-terminal seg- 
ment 41-43. Not surprisingly, the improvement in
the definition of the local structure is correlated 
with the additional NOE distribution shown in 
fig.2A. 
Differences in the definition of the structure are 
most clearly observed for the side chains. This is il- 
lustrated by a comparison of the side chain 
distributions for residues 13-16 and 28-33 shown 
in fig.3. The inclusion of stereospecific 
assignments and/~'1 torsion angle classifications in- 
to the restraints involving residues Asp- 14, Leu- 15, 
Tyr-28, Ser-30, Asn-31 and Cys-32 results in a 
dramatic reduction in the spread of Side chain posi- 
tions in the STEREO structures with respect o the 
A 
NOSTEREO structures. An improvement in the 
definition of the position of the aromatic ring of 
Tyr-33, a residue for which stereospecific 
assignments of the CaI-I resonances and X~ 
classification was not possible from the NMR data 
because of chemical shift degeneracy, is clearly 
observed. This indicates that the inclusion of extra 
short range NOEs connecting Tyr-33 to the 
stereospecifically assigned fl-methylene protons of 
Cys-32, together with the increased efinition of 
neighbouring side chains (Tyr-28 and Asn-31), 
results in an improvement in the structure remote 
from the B-methylene groups that are 
stereospecifically assigned, and illustrates the 
cooperative nature of interatomic distances in a 
protein. 
Lla 
B 
Fig.3. (A) Superposition f the heavy atoms of a representative set of side chains from (A) the 42 SA structures ofBDS-I calculated 
from the STEREO restraint list,and (B) the 31 SA structures calculated from the NOSTEREO restraint list. 
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This improvement is also confirmed on a 
statistical basis from the atomic rms difference 
data presented in table 3. The atomic rms dif- 
ference between the individual structures in each 
set and the respective mean structure upon inclu- 
sion of the STEREO restraints is reduced from 
0.93 to 0.67 ,~ for the backbone atoms and from 
1.17 to 0.90 ,~ for all atoms. These figures corres- 
pond to 28°70 and 23°70 improvements in the defini- 
tion of the backbone fold and overall structure, 
respectively. 
The largest improvement in definition is l:ound 
for Tyr-28, and is associated with the largest 
number of additional NOEs arising from 
stereospecific assignments. In our previous paper 
[5] we indicated that the juxtaposition of the side 
chains of Trp-16 and Tyr-28 suggested the presence 
of a hydrogen bond between the N~IH of the indole 
ring and the hydroxyl O ~ of the tyrosine ring. Such 
a hydrogen bond might provide some restriction of 
the tyrosine ring consistent with its slowly flipping 
character on the NMR timescale [4]. Evidently, 
because of the poor side chain definition, such a 
conclusion could not be drawn from the 
NOSTEREO structures (see fig.3). 
4. CONCLUDING REMARKS 
The determination of protein structures from 
NMR data depends upon a large number of ap- 
proximate short range (< 5 ,~) interproton 
distances. The attainable precision therefore 
depends to a large degree on the maximization of 
the number of these shorter distance stimates. In 
this paper we have shown that the use of 
stereospecific assignments of prochiral B- 
methylene proton resonances and the incorpora- 
tion of X1 torsion angle restraints result in a signifi- 
cant improvement in the definition of the structure 
of  BDS-I. Such highly defined structures allow the 
analysis of detailed side chain interactions both in 
the core of the protein as well as on the solvent ex- 
posed surface, for example in terms of interresidue 
hydrogen bonds and ring current shift effects, 
which otherwise might not be possible [5]. 
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